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Abstract: A search for a light pseudoscalar Higgs boson (a) decaying from the 125 GeV (or
a heavier) scalar Higgs boson (H) is performed using the 2016 LHC proton-proton collision
data at
√
s = 13 TeV, corresponding to an integrated luminosity of 35.9 fb−1, collected
by the CMS experiment. The analysis considers gluon fusion and vector boson fusion
production of the H, followed by the decay H → aa → µµττ , and considers pseudoscalar
masses in the range 3.6 < ma < 21 GeV. Because of the large mass difference between the H
and the a bosons and the small masses of the a boson decay products, both the µµ and the
ττ pairs have high Lorentz boost and are collimated. The ττ reconstruction efficiency is
increased by modifying the standard technique for hadronic τ lepton decay reconstruction
to account for a nearby muon. No significant signal is observed. Model-independent limits
are set at 95% confidence level, as a function of ma, on the branching fraction (B) for
H → aa → µµττ , down to 1.5 (2.0) × 10−4 for mH = 125 (300) GeV. Model-dependent
limits on B(H→ aa) are set within the context of two Higgs doublets plus singlet models,
with the most stringent results obtained for Type-III models. These results extend current
LHC searches for heavier a bosons that decay to resolved lepton pairs and provide the first
such bounds for an H boson with a mass above 125 GeV.
Keywords: Beyond Standard Model, Hadron-Hadron scattering (experiments), Higgs
physics
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1 Introduction
Studies of the properties of the 125 GeV Higgs boson can be used to constrain models that
include extended Higgs sectors beyond the standard model (SM) [1–5]. Examples include
an extension of two Higgs doublets models (2HDM) [6] with a scalar singlet (2HDM+S) [7],
the next-to-minimal supersymmetric SM (NMSSM) [8], and pure Higgs sector models con-
taining additional Higgs fields [7]. Especially interesting are models with Higgs boson
decay modes that are not detected in the standard channels, which focus on decays to SM
particle pairs and invisible decay modes. A recent study by the CMS Collaboration [9]
considers models where the Higgs sector contains only doublets and singlets, and the var-
ious couplings are otherwise free to vary with respect to their SM values. That analysis
reports an upper limit of 0.47 on the branching fraction (B) of the Higgs boson to unde-
tected modes (that is, any mode besides γγ , ZZ, WW, τ τ , and bb) at 95% confidence
level (CL), when invisible modes are completely excluded. This upper limit on undetected

















Given the weak limits on the branching fraction to undetected final states, it is im-
portant to explicitly explore all possibilities for unseen decay modes. Among the most
prominent possibilities [10, 11] are decays of the type H → aa or H → hh [12], where
H is a scalar Higgs boson and a (h) is a lighter pseudoscalar (scalar) Higgs boson. Such
decays are possible in the SM extensions listed above, and generically have large branch-
ing fractions when kinematically allowed. However, such decays are not possible in the
CP -conserving minimal supersymmetric SM (MSSM) [13]. In what follows, we refer to the
light a and h bosons collectively as the a boson. The Higgs boson observed at 125 GeV can
be either the lightest or second-lightest scalar [8]. Given observation of the 125 GeV Higgs
boson, more recent theoretical studies [7, 14–27] consider the possible decays of this Higgs
boson to a pair of lighter Higgs bosons. In all of these models (aside from the MSSM), it
is possible for the lightest Higgs (pseudo)scalar boson to be much lighter than the SM-like
Higgs boson. If the light Higgs boson is a scalar then the SM-like Higgs boson should be
identified with the second-lightest scalar of the model. In the specific case of the NMSSM,
a light pseudoscalar boson arises naturally when model parameters are chosen so that there
is either a Peccei-Quinn or R global symmetry of the model [8, 10, 11]. Either symmetry
will be spontaneously broken by the Higgs vacuum expectation values leading to a massless
Nambu-Goldstone boson. After radiative corrections a nearly massless pseudoscalar, the
a, emerges. Experimental search results are typically presented for four types of 2HDM
(and thus 2HDM+S), differentiated by the couplings of SM fermions to the two doublet
fields, Φ1 and Φ2, and by their dependence on the ratio of vacuum expectations for the two
Higgs doublets, tan β. In particular, the NMSSM corresponds to Type-II 2HDM+S, while
for Type-III 2HDM+S only the charged leptons couple to Φ1, which yields enhanced rates,
especially at large values of tan β. We note that in searches performed so far, the event
selection and detection efficiencies for the hh case are essentially the same as for aa. In
addition, the branching fractions for h decays are nearly the same as for a decays. Finally,
the possibility of additional scalar Higgs bosons with masses above 125 GeV is motivated
in generic 2HDM+S [7, 28].
Limits from the CERN LEP experiments on the production of a light scalar boson [29–
31] are evaded if the h is singlet-dominated, as required in the limit where the 125 GeV
state is SM-like [21, 27, 32]. LEP2 limits on a scalar boson decaying to two light pseu-
doscalars are obtained for Higgs boson mass (mH) less than 107 GeV [33]. Several searches
for different scenarios involving light (pseudo)scalar bosons have been performed by the
CERN LHC experiments. The CMS [34] (based on ref. [35]) and LHCb [36] Collaborations
place limits on the proton-proton (pp) production of a light pseudoscalar decaying to µµ,
σ(pp → a)B(a → µµ), that significantly constrain the MSSM-like fraction of the NMSSM
pseudoscalar state, especially at large tan β. Nonetheless, large B(H → aa) remains possi-
ble. Direct constraints on B(H → aa) are obtained by CMS [37] and ATLAS [38] based on
the 4µ final state and by CMS [39] using the µµτ τ , 4τ , and µµbb final states. Analyses
especially relevant for pseudoscalar masses, ma , greater than twice the τ lepton mass, mτ ,
are based on the µµτ τ , bbτ τ , 4τ , and 4b final states and have been performed by the
CMS [40–42] and ATLAS [43–45] Collaborations.
The analysis presented in this paper considers µµτ τ final states arising from H →

















(ggF) and vector boson fusion (VBF) modes are both included [46]. This analysis focuses
on the pseudoscalar boson mass range 3.6–21 GeV, complementary to searches, such as
ref. [40], that focus on heavier pseudoscalar masses. For light masses, the large Lorentz
boost of the a boson causes its decay products to overlap. In the µµ channel, the standard
CMS muon identification has sensitivity to the topology of boosted muon pairs similar to
that for an isolated, nonboosted muon pair. To reconstruct the collimated τ lepton pair,
we have developed a boosted τ lepton pair reconstruction technique to target the specific
decay where one τ lepton decays to a muon and neutrinos, τ µ , while the other decays
to one or more hadrons and a neutrino, τ h , thus: a → τ µτ h . This technique improves
upon the standard CMS τ lepton reconstruction that is optimized for isolated, nonboosted
τ leptons. The µµτ µτ h channel has greater detection efficiency than final states with b
quarks, which are difficult to reconstruct at low momentum and significant boost, and has
a larger branching fraction than most models with four-muon final states. The effectiveness
of this improved technique also makes possible for the first time the search for the decays
of a heavier Higgs boson to aa in the µµτ τ final state at low ma , with mH = 300 GeV used
as a demonstration. Such an H boson generically has a large branching fraction to any
kinematically accessible pair of lighter bosons [28, 47]; the light bosons are highly boosted
and the resulting final-state leptons are similarly collimated. The search is performed using
an unbinned parameterized maximum likelihood fit of signal and background contributions
to the two-dimensional (2D) distribution of the µµ invariant mass m(µµ) and the 4-body
visible mass m(µµτ µτ h).
This paper is organized as follows. A brief description of the CMS detector is given in
section 2. Section 3 summarizes the data and simulated samples used. Section 4 describes
the object identification algorithms, including the modified τ µτ h reconstruction technique,
while section 5 focusses on the event selection. The background and signal models of the
2D unbinned fit are described in section 6 and the treatment of systematic uncertainties
are subsequently discussed in section 7. The model-independent results, as well as inter-
pretation in the context of several 2HDM+S types, are presented in section 8. The paper
is summarized in section 9.
2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter, each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity (η) coverage provided by the
barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded in
the steel flux-return yoke outside the solenoid. Events of interest are selected using a two-
tiered trigger system [48]. The first level (L1), composed of custom hardware processors,
uses information from the calorimeters and muon detectors to select events at a rate of
around 100 kHz within a time interval of less than 4 µs. The second level, known as the

















reconstruction software optimized for fast processing, and reduces the event rate to around
1 kHz before data storage. A more detailed description of the CMS detector, together with
a definition of the coordinate system used and the relevant kinematic variables, can be
found in ref. [49].
3 Data and simulated samples
This search uses a sample of pp collisions at the LHC, collected in 2016 at
√
s = 13 TeV,
corresponding to an integrated luminosity of 35.9 fb−1.
The acceptance and reconstruction efficiency of the H → aa → µµτ τ processes
are evaluated using simulated events. These signal processes are generated with Mad-
Graph5 amc@nlo version 2.2.2 [50] at next-to-leading order (NLO). The pythia 8.205
program [51] is used for parton showering, hadronization, and the underlying event is simu-
lated with the CUETP8M1 tune [52]. The NNPDF3.0 [53] set of parton distribution func-
tions is used. Samples are generated for 3.6 < ma < 21 GeV for the SM-like H boson with
mH = 125 GeV, and for 5 < ma < 21 GeV for a heavier H boson with mH = 300 GeV. The
ggF Higgs production process is simulated for each sample with the obtained signal yields
scaled to the sum of the expected events from ggF and VBF processes. The VBF Higgs
production process is simulated for a subset of the H and a boson mass pairs. The inclusion
of the VBF process increases the expected signal yield by 8 (19)% for mH = 125 (300) GeV.
An acceptance correction arising from a small difference in the analysis acceptance for
ggF and VBF events of 0.5–3.0% is applied as a function of Higgs and pseudoscalar boson
masses, with an uncertainty of 0.5%. This correction primarily arises from the differences
in transverse momentum pT spectrum of the generated H and a bosons. These differences
have a negligible effect on the shapes of the reconstructed pseudoscalar mass distributions
that are used to discriminate signal from background. The WH, ZH, and ttH Higgs boson
production modes do not significantly increase the sensitivity of this search due to lower
cross sections and reduced acceptance and are not included.
For all processes, the detector response is simulated using a detailed description of the
CMS detector, based on the Geant4 package [54], and the event reconstruction is per-
formed with the same algorithms used for data. The simulated samples include additional
interactions per bunch crossing (pileup) and are weighted so that the multiplicity distribu-
tion matches the measured one, with an average of about 23 interactions per bunch crossing.
4 Event reconstruction
Using the information from all CMS subdetectors, a particle-flow (PF) technique is em-
ployed to identify and reconstruct the individual particles emerging from each collision [55].
The particles are classified into mutually exclusive categories: charged and neutral hadrons,
photons, muons, and electrons. Jets and τ h candidates are identified algorithmically using
the PF-reconstructed particles as inputs. The missing transverse momentum vector ~pmissT
is defined as the projection onto the plane perpendicular to the beam axis of the negative

















is referred to as pmissT . The primary pp interaction vertex is defined as the reconstructed
vertex with the largest value of summed physics-object p2T. The physics objects considered
in the vertex determination are the objects returned by a jet finding algorithm [56, 57]
applied to all charged tracks associated with the vertex, plus the corresponding associated
pmissT , taken as the negative vector sum of the pT of those jets. Finally, additional identifi-
cation criteria are applied to the reconstructed muons, electrons, photons, τ h candidates,
jets, and pmissT to reduce the frequency of misidentified objects. This section details the
reconstruction and identification of muons, jets, and τ h candidates.
4.1 Muons
Muons are reconstructed within |η(µ)| < 2.4 [58]. The reconstruction combines the infor-
mation from both the tracker and the muon spectrometer. The muons are selected from
among the reconstructed muon track candidates by applying minimal requirements on the
track components in the muon system and taking into account matching with small energy
deposits in the calorimeters. For each muon track, the distance of closest approach to the
primary vertex in the transverse plane is required to be less than 0.2 cm. The distance of
closest approach to the primary vertex along the beamline, dz, must be less than 0.5 cm.
The isolation of individual muons is defined relative to their transverse momentum
pT(µ) by summing over the pT of charged hadrons and neutral particles within a cone
around the muon direction at the interaction vertex with radius ∆R =
√
(∆η)2 + (∆φ)2 <





















pγT are the scalar pT sums for neutral hadrons and photons,





T , where i runs over the charged hadrons originating from pileup
vertices and the factor 0.5 corrects for the ratio of charged to neutral particle contributions
in the isolation cone. Muons are considered isolated if Iµ < 0.25.
4.2 Jets
Jets are reconstructed using PF objects. The anti-kT jet clustering algorithm [56, 57] with
a distance parameter of 0.4 is used. The standard method for jet energy corrections [59]
is applied. In order to reject jets coming from pileup collisions, a multivariate (MVA) jet
identification algorithm [60] is applied. This algorithm takes advantage of differences in
the shapes of energy deposits in a jet cone between pileup jets and jets originating from a
quark or gluon. The combined secondary vertices (CSV) b tagging algorithm [61] is used
to identify jets originating from b hadrons [62]. The efficiency for tagging b jets is ≈63%,
while the misidentification probability for charm (light-quark or gluon) jets is ≈12 (1)%.
4.3 Hadronic τ lepton decays
Hadronically decaying τ leptons are reconstructed and identified within |η(τ h)| < 2.3

















selecting PF objects with one charged hadron and up to two neutral pions, or with three
charged hadrons. The HPS algorithm is seeded by the jets described in section 4.2. The τ h
candidates are reconstructed based on the number of tracks and on the number of ECAL
strips with an energy deposit in the η-φ plane.
This analysis uses a specialized τ µτ h reconstruction algorithm, which uses the same
HPS method as the above, with a modified jet seed. This method is designed to reconstruct
boosted τ µτ h objects, for which the τ lepton decaying leptonically to a muon overlaps with
the hadronic decay products of the other τ lepton. One τ lepton is required to decay to
a muon because this mode has a high reconstruction efficiency and a low misidentification
probability. As in ref. [39], a joint reconstruction of the τ h candidate and a nearby muon
is performed. Jets that seed the τ h reconstruction are first modified to remove muons with
pT > 3 GeV passing minimal identification requirements from their jet constituents. The
τ h candidates reconstructed using these modified jets are required to have pT > 10 GeV,
where the reconstructed pT(τ h) corresponds to the visible portion of the τ lepton decay. To
reject τ h candidates that arise from constituents not originating from the primary vertex,
the τ h candidates must have dz < 0.5 cm. To reduce background contribution from jets
arising from b quarks, the jet seeds to the τ h reconstruction must additionally fail the CSV
jet tagging algorithm. Because no MVA discriminant to reject electrons [63] is applied, the
τ h reconstruction algorithm has high efficiency to select τ leptons that decay to electrons,
τ e . The fraction of reconstructed τ h candidates that are τ e decays is estimated from
simulation to be 18–22%, predominantly reconstructed in the one-prong decay mode with
no additional neutral hadrons. No distinction is made between τ e and τ h candidates and
this paper refers to the contribution of both decay categories as τ h candidates.
The full τ µτ h identification procedure includes the modified HPS algorithm described
above, along with a requirement on the τ h candidate isolation. The isolation of a τ h
candidate is computed using an MVA discriminant [63]. The discriminant is computed
using PF candidates, with the overlapping muon excluded, in the region around the τ h
candidate defined by ∆R < 0.8. The τ h candidates are required to pass a selection on
the MVA discriminant output as a function of pT(τ h) to yield an approximately constant
efficiency of ≈80%. No discriminant to reject muons [63] is applied, as it would reduce the
reconstruction efficiency of the boosted τ µτ h final state.
4.4 Charged lepton efficiency
The combined efficiencies of the reconstruction, identification, and isolation requirements
for muons are measured in several bins of pT(µ) and |η(µ)| using a “tag-and-probe” tech-
nique [64] applied to an inclusive sample of muon pairs from Z boson and J/ψ meson
events [58]. These efficiencies are measured in data and simulation. The data to simula-
tion efficiency ratios are used as scale factors to correct the simulated event yields. For τ h
candidates, two scale factors are similarly measured using a Z → τ µτ h sample [63] to be
0.60± 0.11 (0.97± 0.05) for 10 < pT(τ h) < 20 GeV (pT(τ h) > 20 GeV), which are found to
be independent of |η(τ h)|. For 10 < pT(τ h) < 20 GeV, the Z → τ µτ h data sample contains
significant W+jets background, making the scale factor difficult to estimate with as high


















Collision events are selected by a trigger that requires the presence of an isolated muon
with pT > 24 GeV [48]. Trigger efficiencies are measured in data and simulation using the
tag-and-probe technique. The event is required to have two isolated opposite-sign muons
with ∆R < 1. The leading muon which is matched to the muon that triggered the event
must have pT > 26 GeV. The second muon must have pT > 3 GeV. These muons constitute
a µµ pair from one of the pseudoscalar candidates.
The second pseudoscalar is selected via its decay to an isolated opposite-sign τ µτ h
pair. The τ µτ h selection requires one identified muon with pT > 3 GeV, with no isolation
selection imposed, and one τ h candidate with pT > 10 GeV, reconstructed as described in
section 4.3. The reconstructed muon corresponds to the visible portion of the τ µ decay.
The two τ lepton candidates are required to lie within ∆R(τ µ , τ h) < 0.8. The value
of 0.8 is driven by the modified HPS algorithm isolation discriminant and ensures the
boosted topology. This selection, with the corresponding selection of the µµ pair, prevents
combinatoric background in which the wrong combination of leptons is assigned to the
pseudoscalar candidates. The µµ pair selection is looser to avoid loss of efficiency.
The modified τ µτ h reconstruction and identification algorithm increases the signal
efficiency throughout the full range of Higgs boson and pseudoscalar hypotheses consid-
ered, as shown in figure 1. The efficiency of the τ µτ h reconstruction and identification
is measured by requiring the presence of a muon passing the identification requirements
and a τ h candidate passing either the standard τ h HPS reconstruction or the τ µτ h HPS
reconstruction, as well as the MVA isolation discriminant. The increase in efficiency arises
incrementally both from the modification of the jets which seed the τ µτ h reconstruction
and the exclusion of the muon energy from the MVA isolation discriminant. Because of
the increase in Lorentz boost, the jet seed modification is the primary cause of increased
efficiency at low ma where the pseudoscalar decay products are most overlapping, with
∆R(τ µ , τ h) < 0.4. At larger separation, 0.4 < ∆R(τ µ , τ h) < 0.8, the change in the MVA
discriminant becomes the only source of efficiency increase. The reduced efficiency at low
pseudoscalar mass is due to the high Lorentz boost in which the muon is nearly collinear
with a charged hadron from the τ h candidate. At low Lorentz boost, the muon and τ h can-
didate have a large separation. In this case, the efficiency is reduced from the requirement
of the boosted topology, especially at mH = 125 GeV. The efficiency for the higher H boson
mass is less affected by an increase in pseudoscalar mass because the reduction in Lorentz
boost is generally not significant enough to separate the τ leptons from a pseudoscalar
decay beyond the selection requirement of ∆R(τ µ , τ h) < 0.8.
6 Signal and background modeling
The main source of background in this search is Drell-Yan µµ production in associ-
ation with at least one jet that is misidentified as the τ µτ h candidate. This back-
ground, reduced by the τ µτ h reconstruction, features the prominent µµ resonances with
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Figure 1. The efficiency of the standard HPS (dashed lines) and τ µτ h HPS reconstruction used
in this search (solid lines) as a function of pseudoscalar boson mass for mH = 125 (red) and
300 GeV (green). The events are required to have two reconstructed muons passing identification
and isolation criteria. The efficiency is measured by additionally requiring a third muon pass-
ing identification requirements and a τ h candidate reconstructed using either the standard HPS
algorithm or the τ µτ h HPS algorithm and passing isolation requirements.
and Υ(3S) (10.4 GeV) [65]. In the m(µµ) distribution, the known resonance peaks appear
on top of the Drell-Yan continuum. In the m(µµτ µτ h) distribution, the µµ + jet back-
ground appears as an exponentially falling distribution with a threshold around 40–60 GeV
because of the pT thresholds of the three reconstructed muons and one τ h candidate.
The signal is characterized by a narrow m(µµ) resonance from a pseudoscalar decay and
a broader m(µµτ µτ h) distribution because of the invisible decay products of one of the
pseudoscalar Higgs bosons. As described below, the search strategy consists of an unbinned
fit of m(µµ) vs. m(µµτ µτ h), using analytical models for the signal and background shapes
in each dimension. The background shape model for the Drell-Yan continuum, the meson
resonances mentioned above, and additionally the J/ψ resonance (3.10 GeV [65]) are con-
strained via a data control region enriched in µµ+jet events. Although the J/ψ resonance
falls outside the kinematically allowed search window for a τ τ resonance, it is modeled in
the fit to provide a better background description near the ψ(2S) meson.
The analysis uses a simultaneous unbinned fit of three mutually exclusive regions to
model the background and search for a signal. The “control region” requires the presence
of two muons and no identified τ µτ h candidate. The next two regions additionally require
a reconstructed τ µτ h candidate and are defined by passing or failing the τ h MVA isolation
requirement, labeled as “signal region” and “sideband”, respectively. A schematic depiction
of the three regions is shown in figure 2. Two additional regions are also shown and are
used to validate the background estimation method described below.
The choice of m(µµ) and m(µµτ µτ h) as observables for distinguishing the H → aa






































Figure 2. Schematic of the fit regions in the analysis. Events with two isolated muons and no
τ µτ h candidates constitute the control region (blue). Events that have a τ µτ h candidate are further
divided based on the isolation of the τ h candidate with isolated τ µτ h candidates forming the signal
region (green) and the remaining τ µτ h candidates forming the sideband (red). Additionally, the
µµ candidates that fail the muon isolation selection form two analogous regions for the validation
of the background fit model (gray).
including m(τ µτ h) over the largest range of Higgs boson and pseudoscalar mass hypotheses.
The signal is modeled as a 2D function given by the product of a Voigt function for m(µµ)
and a split normal distribution for m(µµτ µτ h). For the signal processes, there is minimal
correlation between the m(µµ) and m(µµτ µτ h) distributions. The parameters of the
model are determined from fits to the signal simulation. Each generated distribution, with
a specified Higgs boson and pseudoscalar mass, is fit with the described 2D function. For
each parameter, a polynomial function is used to interpolate between the generated masses:
a first-order polynomial for the mean value of the m(µµ) and m(µµτ µτ h), a second-order
polynomial for each width parameter, and the product of a first-order polynomial and
two error functions for the signal normalization. The search is performed for pseudoscalar
masses between 3.6 and 21 GeV.
The 2D fit of m(µµ) vs. m(µµτ µτ h) is performed in data to model the SM
background processes and extract any significant signal process contribution in three
ranges of the m(µµ) spectrum: 2.5 < m(µµ) < 8.5 GeV, 6 < m(µµ) < 14 GeV, and
11 < m(µµ) < 25 GeV. For a given ma , a single m(µµ) range is used, with the transition
between the m(µµ) ranges occurring at ma = 8 and 11.5 GeV. There is some overlap in
the fit ranges to allow the lower or upper portion of the signal model to be fully contained
in the given fit range. The background probability density function (PDF) used for the
m(µµ) spectrum is the sum of an exponential together with two, three, or zero Voigt
distributions to model the SM resonances for the three respective ranges. An additional
exponential function is necessary to model the rising continuum background near the J/ψ
resonance in the lowest m(µµ) range. The m(µµτ µτ h) background distribution is modeled
with the product of an error function and the sum of two exponential distributions. The
second exponential provides the fit with additional flexibility to allow the fit to favor an

















ranges. The m(µµ) and m(µµτ µτ h) functions are multiplied together to produce a 2D
PDF. Because m(µµτ µτ h) is loosely correlated with m(µµ) in the background distribu-
tion, the parameters of the m(µµτ µτ h) background model in a given m(µµ) range are
allowed to vary independently of the other ranges, allowing a correlation between m(µµ)
and m(µµτ µτ h).
The normalization of the background model in the signal region is estimated from
the sideband using a “tight-to-loose” method. This method uses a Z(µµ) + jet sample
to estimate the efficiency for a jet that has passed all the τ h reconstruction requirements
(including the muon removal step) of section 4.3, except the MVA isolation requirement,
to additionally pass the MVA isolation requirement. The region contains events collected
with a single muon trigger with the requirement of two isolated opposite-sign muons and
a jet that has been misidentified as a τ µτ h object with a muon within ∆R(τ µ , τ h) <
0.8, without the requirement on the MVA isolation. The µµ pair must have invariant
mass 81 < m(µµ) < 101 GeV. The tight-to-loose ratio, f , is defined as the ratio of the
number of τ h candidates that pass the MVA isolation requirement in addition to the other
identification requirements (the “tight” condition) to the number of τ h candidates that
pass the other identification requirements, but with a relaxed requirement on the isolation
(the “loose” condition). The calculation of f is performed separately for each hadronic
decay mode of the τ lepton and is binned in pT(τ h). This region is dominated by Drell-
Yan events containing jets. Residual contributions from diboson processes, as estimated
from simulation, are subtracted from the data. The associated jets are the objects most
likely to pass the τ h reconstruction criteria. This tight-to-loose ratio is measured to be
10–40%, increasing at lower pT(τ h). In general, the decay mode with three charged tracks
has a lower tight-to-loose ratio than those with a single charged track.
The sideband is then reweighted using the tight-to-loose method to estimate the con-
tribution in the signal region. The weights are applied on an event-by-event basis as a
function of pT(τ h). The tight-to-loose method is verified in a validation region indepen-
dent of the analysis region by inverting the isolation requirement on the muon in the µµ
pair that did not trigger the event. These regions correspond to the gray boxes in figure 2.
The expected and observed yields in this validation region are compatible within 15%, and
an uncertainty is derived from this value.
The parameters of the µµ resonances — mean (µ), width (Γ), and resolution (σ)—and
the relative normalizations—Ni/Nj where i and j are a pair of background resonances —
between the J/ψ and ψ(2S) resonances and between the Υ(1S) and each of the Υ(2S)
and Υ(3S) resonances are constrained via a simultaneous fit among all three regions. The
parameters of the resonances are compatible, and thus the same, among the three regions,
while their relative normalizations are only the same in the sideband and control region with
the signal region relative normalizations related to the sideband via a linear transformation.
The slope and constant values of this linear transformation are determined from a fit to
the sideband and the tight-to-loose estimation of the background in the signal region. An
uncertainty is assigned for this linear constraint in the signal region. This uncertainty is
derived in a validation region and a corresponding validation sideband in which the muon

















Category Parameters Signal region Sideband Control region
µµ resonances µ, σ, Γ Constrained (three regions)
µµ continuum λiµµ Tight-to-loose Free Free
µµτ µτ h Erfa, Erfb, λ
i
µµτ τ Tight-to-loose Free —
Normalizations Nψ(2S)/NJ/ψ Tight-to-loose Constrained (two regions)
NΥ(2S)/NΥ(1S) Tight-to-loose Constrained (two regions)
NΥ(3S)/NΥ(1S) Tight-to-loose Constrained (two regions)
NΥ(1S)/NJ/ψ Tight-to-loose Free Free
NJ/ψ/Ncontinuum Tight-to-loose Free Free
Table 1. Background model parameters and their relations among the three fit regions in the
analysis. The µµ background model includes the five meson resonances modeled using a Voigt
function over an exponential continuum. The 4-body background model includes an error function
multiplied with the sum of two exponential distributions. Three types of fit region relations are
used: (a) constrained, in which the parameters are the same in the indicated regions, (b) free,
in which the parameter is not related to those in any other region, and (c) related via the τ µτ h
tight-to-loose ratio, in which the indicated parameter in the signal region is constrained to the
corresponding parameter in the sideband via a linear transformation.
measured to be 5–20% depending on the resonance. The parameters of the µµ continuum
(λiµµ), the m(µµτ µτ h) continuum (λ
i
µµτ τ ), the m(µµτ µτ h) error function shift (Erfa) and
scale (Erfb), and the relative normalizations of the µµ resonances to the µµ continuum
(NΥ(1S)/NJ/ψ and NJ/ψ/Ncontinuum) are constrained in the signal region to the sideband
via the tight-to-loose method. All remaining parameters are free to vary independently of
each other and share no constraint between regions. Table 1 summarizes these constraints.
The background model and observed data in the control region are shown in figure 3.
Projections on the m(µµ) and m(µµτ µτ h) axes of the 2D background model and observed
data with sample signal distributions for each fit range are shown in figures 4 and 5 for the
sideband and signal region, respectively. The signal distribution is scaled assuming an SM
Higgs boson production cross section [46] and B(H → aa → µµτ τ ) = 5 × 10−4. A small
level of signal contamination is expected in the sideband and is included in the fit. For
the signal processes, there is minimal correlation between the m(µµ) and the m(µµτ µτ h)
distributions.
7 Systematic uncertainties
Uncertainties in the signal process modeling contribute both to the total expected signal
yield and the individual signal fit parameters. Despite the small spatial separation between
the τ µ and τ h candidates, the τ µτ h reconstruction procedure, which relies on the excellent
muon discrimination of the CMS detector, allows the uncertainties in the τ h efficiency
and energy scale modeling to be treated independently from those for the τ µ candidates.
Systematic uncertainties in the efficiency measurements from the tag-and-probe technique
contribute an uncertainty in the total signal yield of 0.5% for the muon trigger efficiency
































































































































Figure 3. Background model fits and observed data in the control region m(µµ) distribution. The
figures are divided into three fit ranges: 2.5 < m(µµ) < 8.5 GeV (upper left), 6 < m(µµ) < 14 GeV
(upper right), and 11 < m(µµ) < 25 GeV (lower).
is 0.2–5.0%; most muons have pT < 100 GeV and thus an uncertainty of 0.2% [58]. For
the τ h reconstruction, there is an uncertainty in the τ h identification efficiency of 5–18%,
varying with pT(τ h), and an uncertainty in the τ h energy scale of 1.2–3.0% [63], varying
with the number of charged and neutral hadrons in the τ h decay.
The uncertainty in the luminosity normalization of simulated signal samples is
2.5% [66]. Uncertainty from pileup effects arises from the uncertainty of 4.6% [67] in
the total inelastic cross section of pp interactions resulting in a 1% uncertainty in the
signal yields. The efficiency correction for the rejection of jets tagged as originating from
b quarks contributes an uncertainty of up to 3% in the signal yield.
As described in section 3, a correction to the simulated ggF signal samples to account
for small differences in acceptance for the ggF and VBF H boson production modes con-
tributes a 0.5% uncertainty in the signal yield. Theoretical uncertainties in the H boson
production cross section are calculated by varying renormalization (µR) and factorization
(µF) scales independently up and down by a factor of two with respect to the default val-
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Figure 4. Projections of 2D background model fits and observed data in the sideband on the m(µµ)
(left), and m(µµτ µτ h) (right) axes with sample signal distributions that assume H boson masses
of mH = 125 and 300 GeV. The figures are divided into three fit ranges: 2.5 < m(µµ) < 8.5 GeV
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Figure 5. Projections of 2D background model fits and observed data in the signal region on the
m(µµ) (left), and m(µµτ µτ h) (right) axes with sample signal distributions that assume H boson
masses of mH = 125 and 300 GeV. The figures are divided into three fit ranges: 2.5 < m(µµ) <
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Figure 6. Observed data distribution, as a function of the 4-body visible mass and µµ invariant
mass for the signal region; 614 events are observed.
those from ref. [46], contribute less than 1% to the overall signal yield uncertainty.
For the background model, the tight-to-loose method contributes a 15% uncertainty in
the total expected yield in the signal region. This uncertainty arises from the application
of the tight-to-loose ratio to the validation sideband to obtain a prediction for the model
shapes in the validation region. The additional uncertainty in the relative normalizations
of the low-mass meson resonances arises from differences in the tight-to-loose method pre-
dictions of the signal region distributions when derived from the sideband, as discussed
in section 6. This uncertainty is measured to be 5–20% for ψ(2S) and each Υ resonance,
which yields up to a 3% uncertainty near these resonances in the final result.
8 Results
The observed distribution of data in the signal region is shown in figures 5 and 6. No
significant excess of events is observed above the expected SM background. A modified
frequentist approach based on the CL criterion [68, 69] is used for upper limit calcula-
tions [65] using the LHC test statistic [70]. Systematic uncertainties are represented as
nuisance parameters assuming a log-normal PDF in the likelihood fit for uncertainties in
the expected yields and a Gaussian PDF of uncertainties in the signal and background
model parameters.
Model-independent upper limits at 95% CL are set on σHB(H → aa → µµτ τ )/σSM
and are presented in figure 7. Here, σSM is the SM Higgs boson (or, for mH = 300 GeV, σSM
is the SM-like Higgs boson) production cross section including ggF and VBF production
modes [46]. Broadly, the sensitivity of this exclusion decreases at low values of ma because
of reconstruction inefficiencies as the decay products of the τ τ pair overlap. In addition,









































































































Figure 7. Model-independent 95% CL upper limits on σHB(H → aa → µµτ τ )/σSM as a function
of pseudoscalar boson mass for a Higgs boson with mH = 125 GeV (left), and 300 GeV (right).
The vertical dashed lines indicate the transition between the µµ mass fit ranges for a given mass
hypothesis, occurring at ma = 8 and 11.5 GeV. The inner (green) band and the outer (yellow)
band indicate the regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis.
well separated, failing the requirement of ∆R(τ µ , τ h) < 0.8. The two peaking structures
around ma = 10 GeV are from the Υ resonances where the Υ(1S) resonance is resolvable
but the Υ(2S) and Υ(3S) merge because the rejection power of the boosted τ µτ h selection
sufficiently reduces the number of events in and around these peaks. A third peaking
structure is not as apparent but is also present at the ψ(2S) resonance. Comparison with
an earlier
√
s = 13 TeV result from the CMS Collaboration [40] targeting resolved τ τ decay
products is possible for SM Higgs boson decays with 15 < ma < 21 GeV. In this case, the
two approaches have similar sensitivity.
Upper limits on σHB(H → aa)/σSM for the 2HDM+S for each Type-I to -IV as a
function of tan β and ma are shown in figures 8 and 9. The assumed model branching
fractions for pseudoscalar decays to µµ and τ τ are taken from ref. [71], and the branch-
ing fraction B(aa → µµτ τ ) depends strongly on the 2HDM+S type [7]. The branching
fractions are calculated in tan β increments of 0.5 above tan β = 1 and increments of 0.1
below, and a linear interpolation is applied between the calculated points in figure 9. For
the Type-I and -II models, we primarily probe the 2mτ < ma < 2mb range, with the
Type-I upper limits approximately independent of tan β. In the Type-I model, the most
stringent limit of 5% is set for ma ≈ 4.5 GeV. In the Type-III model, this analysis has
exclusion power over the full pseudoscalar mass range probed, especially at large tan β. For
the Type-II and -III models with ma below the bb threshold, upper limits on B(H → aa)
are stronger than the 0.47 inferred from combined measurements of SM Higgs couplings [9]
for tanβ & 0.8-0.9, becoming as strong as 10% for tan β & 1.5. In the Type-III models,
strong upper limits are set for all pseudoscalar boson masses tested when tan β & 1.5. The
Type-IV model, however, can only be effectively probed in the low-tan β region. For a
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Figure 8. Observed (black) and expected (blue, median and 68%) model-specific 95% CL upper
limits on σHB(H → aa)/σSM as a function of ma for the Type-I 2HDM+S at tan β = 1.5 and
mH = 125 GeV. The assumed model branching fractions for pseudoscalar Higgs boson decay to µµ
and τ τ are taken from ref. [71] and are approximately independent of tan β.
depends only on mµ and mτ [7, 71]. Thus, these results can be converted into upper limits
on σHB(H → aa)/σSM. Contours for different B(H → aa) values are overlaid. Compared
with an earlier result by CMS [40], these upper limits are more stringent (where they can
be compared) and extend to lower values of ma .
9 Summary
A search for Higgs boson (H) decays to a pair of light pseudoscalar bosons (a) is pre-
sented, including the first such LHC results for an H with mass above 125 GeV. The light
pseudoscalars decay to µµ and τ τ with substantial overlap between the leptons because of
the Lorentz boost. This difficult topology motivates the development of a dedicated τ µτ h
reconstruction method to increase the acceptance. Data collected by the CMS Collabora-
tion at
√
s = 13 TeV, corresponding to an integrated luminosity of 35.9 fb−1, are examined
and no significant excess over standard model (SM) processes is observed. This analysis
obtains model-independent upper limits at 95% confidence level on the branching fraction
(B) of a SM-like Higgs boson (H), decaying to a pair of pseudoscalar bosons (a) in the
µµτ τ final state, σHB(H → aa → µµτ τ )/σSM, as well as model-specific upper limits on
σHB(H → aa)/σSM for Type-I, -II, -III, and -IV two Higgs doublets plus singlet models.
In the Type-I model, the upper limit on the allowed branching fraction is approximately
independent of tan β, with the most stringent limit of 5% set for ma ≈ 4.5 GeV. For the
Type-II and -III models with ma below the bb threshold, upper limits on B(H → aa) are
stronger than the 0.47 inferred from combined measurements of SM Higgs couplings for
tanβ & 0.8-0.9, becoming as strong as 10% for tan β & 1.5. In the Type-III models, the
predicted branching fraction to leptons increases with tan β, leading to strong upper limits
for all pseudoscalar boson masses tested when tan β & 1.5. In contrast, the strongest upper
limits for Type-IV models are set when tan β < 1. These results significantly extend upper
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Figure 9. Model-specific 95% CL upper limits on σHB(H → aa)/σSM for three model types
of the 2HDM+S as a function of tan β and ma , for mH = 125 GeV. Contours for two values of
B(H → aa) are shown for reference. The assumed model branching fractions for pseudoscalar Higgs
boson decay to µµ and τ τ are taken from ref. [71].
obtained by CMS with 8 TeV data [39], and are complementary to present searches (e.g.
ref. [40]) at higher ma that lead to resolved µµ and τ τ final states.
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tion à la Recherche dans l’Industrie et dans l’Agriculture (FRIA-Belgium); the Agentschap
voor Innovatie door Wetenschap en Technologie (IWT-Belgium); the F.R.S.-FNRS and
FWO (Belgium) under the “Excellence of Science — EOS” — be.h project n. 30820817;
the Beijing Municipal Science & Technology Commission, No. Z191100007219010; the
Ministry of Education, Youth and Sports (MEYS) of the Czech Republic; the Deutsche
Forschungsgemeinschaft (DFG) under Germany’s Excellence Strategy — EXC 2121 “Quan-
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A. Bermúdez Mart́ınez, A.A. Bin Anuar, K. Borras18, V. Botta, D. Brunner, A. Campbell,
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INFN Sezione di Padovaa, Università di Padovab, Padova, Italy, Università di
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S. Belfortea, V. Candelisea,b, M. Casarsaa, F. Cossuttia, A. Da Rolda,b, G. Della Riccaa,b,
F. Vazzolera,b
Kyungpook National University, Daegu, Korea
S. Dogra, C. Huh, B. Kim, D.H. Kim, G.N. Kim, J. Lee, S.W. Lee, C.S. Moon, Y.D. Oh,
S.I. Pak, S. Sekmen, Y.C. Yang
Chonnam National University, Institute for Universe and Elementary Particles,
Kwangju, Korea
H. Kim, D.H. Moon
Hanyang University, Seoul, Korea

















Korea University, Seoul, Korea
S. Cho, S. Choi, Y. Go, S. Ha, B. Hong, K. Lee, K.S. Lee, J. Lim, J. Park, S.K. Park,
Y. Roh, J. Yoo
Kyung Hee University, Department of Physics, Seoul, Republic of Korea
J. Goh, A. Gurtu
Sejong University, Seoul, Korea
H.S. Kim, Y. Kim
Seoul National University, Seoul, Korea
J. Almond, J.H. Bhyun, J. Choi, S. Jeon, J. Kim, J.S. Kim, S. Ko, H. Kwon, H. Lee, K. Lee,
S. Lee, K. Nam, B.H. Oh, M. Oh, S.B. Oh, B.C. Radburn-Smith, H. Seo, U.K. Yang, I. Yoon
University of Seoul, Seoul, Korea
D. Jeon, J.H. Kim, B. Ko, J.S.H. Lee, I.C. Park, I.J. Watson
Yonsei University, Department of Physics, Seoul, Korea
H.D. Yoo
Sungkyunkwan University, Suwon, Korea
Y. Choi, C. Hwang, Y. Jeong, H. Lee, J. Lee, Y. Lee, I. Yu
Riga Technical University, Riga, Latvia
V. Veckalns39
Vilnius University, Vilnius, Lithuania
A. Juodagalvis, A. Rinkevicius, G. Tamulaitis
National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur,
Malaysia
W.A.T. Wan Abdullah, M.N. Yusli, Z. Zolkapli
Universidad de Sonora (UNISON), Hermosillo, Mexico
J.F. Benitez, A. Castaneda Hernandez, J.A. Murillo Quijada, L. Valencia Palomo
Centro de Investigacion y de Estudios Avanzados del IPN, Mexico City, Mexico
H. Castilla-Valdez, E. De La Cruz-Burelo, I. Heredia-De La Cruz40, R. Lopez-Fernandez,
A. Sanchez-Hernandez
Universidad Iberoamericana, Mexico City, Mexico
S. Carrillo Moreno, C. Oropeza Barrera, M. Ramirez-Garcia, F. Vazquez Valencia
Benemerita Universidad Autonoma de Puebla, Puebla, Mexico
J. Eysermans, I. Pedraza, H.A. Salazar Ibarguen, C. Uribe Estrada
Universidad Autónoma de San Luis Potośı, San Luis Potośı, Mexico
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H. He, M. Herndon, A. Hervé, U. Hussain, A. Lanaro, A. Loeliger, R. Loveless, J. Mad-
husudanan Sreekala, A. Mallampalli, D. Pinna, T. Ruggles, A. Savin, V. Shang, V. Sharma,
W.H. Smith, D. Teague, S. Trembath-reichert, W. Vetens
†: Deceased
1: Also at Vienna University of Technology, Vienna, Austria
2: Also at Department of Basic and Applied Sciences, Faculty of Engineering, Arab Academy
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